Abstract: This paper presents the simulation, control, and experimental results of the velocity of a double-sided, 6/4-poled, 3-phased, 8 A, 24 V, 250 W, and 250 N pull force linear switched reluctance motor (LSRM). In the simulation and experimental study, the reference velocity is constant depending on the position and time. The velocity versus the position of the translator was controlled with fuzzy logic control (FLC) and proportional-integral (PI) control techniques.
Introduction
Linear motion with rotary motors and linear mechanical interfaces causes a backlash due to gears and problems such as hysteresis [1] . Linear motors eliminate the need for rotary-to-linear mechanical interfaces, resulting in a simpler and more robust conversion of the electrical input into a linear motion. In addition, these motors are quiet and reliable and have so far been successfully applied in conveyor systems, people movers, sliding doors, and airport baggage handling, to mention a few [2] .
Linear switch reluctance motors (LSRMs) have the same advantages as other linear motors. Moreover, the LSRM has a simple structure that is sturdy, reliable, and low-cost. It is also adaptable to harsh environments and can be controlled easily in terms of position and velocity. Therefore, the LSRM is an attractive candidate for position and velocity control [3] . Unfortunately, the sufficient and widespread use of motors in industrial applications has not yet been seen, because of the unknown characteristics of these motors and because the drivers and controllers' specifications are insufficient.
The LSRM is a new kind of linear traction motor that has been developed based on the study of the switched reluctance motor (SRM) [3] and combines the advantages of the SRM and the traditional linear motor [4] . The LSRM has 2 major characteristics: first, the mover of the LSRM is connected directly to the load without any traditional rotary-to-linear mechanical translator, which reduces loss and lowers system costs, and second, the motor windings are connected to the switching circuit, which uses the modern power electronic technique. Thus, the LSRM has a large starting moment, high overload capacity, wide speed range, and other advantages. Compared with other AC linear motors, the LSRM has extensive application prospects in highprecision processing and high-power transmission.
In the literature, there are some studies about the determination of the geometric dimensions of a doublesided LSRM, the velocity and position control with fuzzy logic, and the elevator application of the LSRM [5] [6] [7] [8] . Dursun applied a 3-phase fuzzy logic-controlled SRM to a wheelchair drive with a speed controller in his study [9] . In 2007, Liu et al. presented the design and analysis of a longitudinal flux LSRM for high-precision position control applications [10] . In 2008, Lim and Krishnan presented a LSRM in which the primary propulsion of a ship elevator was proposed and investigated [2] . Similar studies are encountered in the literature and SRM control [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In this study, to achieve the low cost and efficiency of a driver in linear motions, first, a double-sided, 6/4-poled, 3-phased, 8 A, 24 V, 250 W LSRM, having a 250 N pull force, was used in locations where a linearly moving accurate position, easy control, and rapid response are requested. The LSRM's operation and switching sections as the motor and generator are determined and the fuzzy logic and proportional-integral (PI) control method velocity and position control were simulated. In the simulation and experimental study, the reference velocity is constant, depending on the position and time. The velocity of the translator versus the position by the fuzzy logic control (FLC) and PI control techniques was examined. The motor was controlled with a PIC18F452 microcontroller due to its low cost. The results of the velocity of the translator were compared with the simulation results of the PI and FLC techniques. It was seen that the PIC18F452 microcontroller is sufficient in the velocity control of the LSRM, and in the FLC method, the force and velocity ripples are lower than in the PI control method.
Analysis of motor

Numerical analysis of motor
The ideal inductance profile was driven against the translator position of the designed motor. The minimum phase inductance value of the motor is indicated as 0.002 mH and the maximum value of the phase inductance is indicated as 0.012 mH for 8 A.
The electrical properties of the motor are determined as 250 W, 24 V DC, and 8 A. All of the motor parameters are given in the Table. The appropriate mechanical and electrical parameters were designed and the motor was visualized as 3-dimensional (3D). Based on these parameters, the 3D figure of the motor was drawn with computer-aided design software and is shown in Figure 1 . The induced electromagnetic force, magnetic flux and magnetic flux with the flux density, and magnetic flux with the flux density vectors, were obtained for this design. The obtained values are nonlinear functions because they are changed according to the locations of the rotor and flux. The variables in the magnetic analyses of the motor are the location of the armature and winding currents. The software composes the finite element surface of the motor, depending upon the location of the armature, and then calculates the basic outlet parameters, such as the phase inductions.
During the magnetic analyzing of the designed motor, an 8 A current was applied. In this case, the force obtained in the state of armature is shown as the force in Figure 2 . The graph in Figure 2 shows the force alteration of the stator and armature from the total detached status to the coincident status. The phase's inductance changes versus the positions and currents is given in Figure 3 . 
Dynamic analysis of the LSRM
In order to establish a realistic model of the SRM, it is necessary to know all of the relevant parameters. The total magnetic flux vector of the motor λ T = λ 1 λ 2 λ 3 is as follows:
where the current vector, i T = i a i b i c , includes the phase currents, x is the position of the slider, and the inductance matrix L(x) is given as:
From the electromagnetic energy conversion theory, the voltage equation of the motor could be written as:
where v is the velocity of the slider, the voltage vector V T = v a v b v c contains the supply voltage for each phase, and V is the same in all of the phases. Moreover, the resistance matrix could be given as:
The general force statement for electrical machines could be stated as in Eq. (5):
When the mutual inductance of the SRM due to the coupling between the phases is neglected, the induced force by motor F , by rearranging Eq. (5), is as follows:
An equivalent circuit for a single phase of the LSRM is shown in Figure 4 . In the LSRM, the motor phase inductance varies depending on the rotor position and the current passing through the coil. The equivalent circuit of the LSRM for a single phase is seen in Figure 4 . The calculated dynamic and electrical equations of the motor from this figure includes 2nd degree differentials. To simulate the dynamic behavior of motor using the Euler method or the 4th degree Runge-Kutta method, we need the state space equations from the 3 phases of the motor to be 1st degree. Hence, to degrease the dynamic equations' degrees to the 1st degree, Eqs. (7), (8) , and (9) were written.
The LSRM model is not complete without an equation describing the dynamic behavior of the LSRM. The following equations for the translator motion could be written as:
where F is the motor-induced force, m is the mass of the translator and load, B is the damping coefficient, and F L is the load force. The state space equation for the dynamics of the LSRM can be obtained, where all of the parameters of the motor are included, in Eq. (11) .
This model does not take into account the effects of the mutual inductances, hysteresis, or eddy-current losses.
The accuracy of this model depends on the accurate model of the motor inductance. Hence, the inductances of the motor can be given as follows:
The variations of the inductances of the 3 phases with an angular position are derived according to the cosine method.
Velocity control of the LSRM
In Figure 5 , a PI control algorithm is given. In the system, the error after processing is transferred to the output. The error signal e(t) is multiplied by the system gain and then becomes integrated. In the system, the PI control adjusts the output according to the e(t) value. The PI control equation is given in Eq. (17) . 
The fuzzy logic controller is used to control the velocity of the LSRM. The input variables of the system in the fuzzy logic controller are defined as (e), velocity error, and (ce), change in velocity error. The error and the change in the error obtained are converted into a per unit value. The triangle membership function curves used to calculate the membership values of these values are shown in Figure 6 [7, 8] . Figure 6 shows the design of a fuzzy logic controller system. Figure 7 shows the membership values of the fuzzy logic. The output of the fuzzy logic is the reference current value of the motor. The velocity of the motor was controlled in this way. The input variables of the system are as follows:
where e(k) is the value of the error at time k , ce(k) is the change of the error at time (k -1), v * r (k) is the reference velocity at time k , v r (k) is the actual velocity at time k , and (k -1) is the error at time k -1. Consequently, the control signal sent to the LSRM can be stated as follows:
The output definition of the fuzzy logic controller is:
where I k is the controller output value for the k th sampling, I (k−1) is the previous controller output value of the k th sampling, and GU*du(pu) is the output reaction for the k th sampling. The obtained value is the reference current value. This reference current value is used to control the velocity of the LSRM.
Implementation of the velocity controller
When a translator pole is energized, the motor force is in the direction that will reduce the reluctance. Thus, the nearest rotor pole is pulled from the unaligned position into alignment with the translator field. When the rotor moves to the aligned position, the push/pull force generates the amount of changing reluctance. The current of the phase winding is the other parameter that affects the motor push/pull force. The force is proportional to the square of the current, and so it is an independent current direction. When the sequence of the phase switching is changed, the motion direction of the motor is changed. Therefore, the features of the converter could affect the performance of the motor.
Residual energy in windings is the most important point in designing the driver of the LSRM. If there is residual energy in the windings while the translator is moving towards an unaligned position from the aligned position, a breaking force occurs. To prevent this disadvantage, the winding current must be cut off before the aligned position is reached. Therefore, this cutoff time is defined using the position and speed information of the motor by the PIC microcontroller.
The control block diagram of the LSRM is shown in Figure 8 . The position data and current values are sensed by the microcontroller. Depending on this information, the PIC microcontroller produces a pulse-width modulation (PWM) signal for the buck converter power switch and decides the sequence for the phase windings.
The PWM signal controls the speed of the motor [29] .
The appropriate phase must be energized to the drive motor. The control program that is loaded into the PIC microcontroller decides which power switches must be energized according their positions. The next phase windings are energized with the position data. The reference current level is used for the limitation of the maximum current of the windings. The input values of the PIC microcontroller are the motor position (x) and current value.
The LSRM phase currents are measured as an analog value produced by the current sensors. The analog value increases the microcontroller level (0-5 V) by op-amps. For every phase current measured, one current sensor is used. This analog value is converted to a 10-bit digital value and the phase current is limited to the reference value [29] . A linear incremental sensor is used for sensing the motor position, which produces a square wave pulse per 62.5 μm, as well as 1 reset signal per 0.5 mm. The pulses are sensed on the microcontroller's capture pin (high-speed counter). The reset pulse is sensed by an external interrupt pin with high priority. Thus, the failure of the sensed position is reset every 0.5 mm. In Figure 9 , a view of the controller circuit, driver, and controller is shown [29] . 
Simulation results
The LSRM used for the simulation has 3 phases, 6/4 poles, 8 A, 24 V, 250 W, 1 m/s nominal velocity, B = 0.0012 coefficient of friction, and m = 25 kg mass of the translator. In the simulation, the common transfer velocity and the transfer angle are set as 0-50 and 150, respectively. The velocity of the LSRM is controlled using the fuzzy logic and PI control methods. The switching angle of the phase currents is arranged on the basis that no negative force will be produced.
The switching zones of the phase currents and strategies are determined according to the translator position of the motor from the inductance curve obtained in Figure 3 . The 3 phase currents of the LSRM are calculated using the 4th degree Runge-Kutta method. In the simulation, the motor is not fully loaded and its current is not at the maximum value.
First, a 1 m/s constant reference velocity is determined. Next, the motor is controlled using the PI control method. The values of k i and k p that are used in the PI control are 1 and 62, respectively. The PI control parameters are found (selected) using the Ziegler-Nichols method. As can be seen in Figure 10 , the motor reaches a 1 m/s velocity at a distance of about 8 mm. Thus, it performs an acceleration movement at between 0 and 8 mm. The motor then moves at a 1 m/s constant velocity up to 100 mm. The motor reaches a 1 m/s velocity at about 6 mm when the FLC algorithm is used. Figure 10 shows the velocity curves of the LSRM with the PI control and FLC.
It can be seen that the response of the FLC is closer to the reference velocity than that of the PI method, and that the curve obtained by the FLC method reaches the reference velocity more quickly than the curve obtained with the PI method. In Figure 11 , we can see the velocity error curves of the translator with the PI and FLC methods. The velocity error direction is negative in the PI control, while the velocity error is positive in the FLC. Although the velocity errors are very small values, the velocity error in the FLC is smaller than that in the PI control. Figure 12a shows the phase currents of the LSRM accelerating with the PI control; Figure  12b shows the phase currents with the FLC. The currents move at a 1 m/s constant velocity with a constant 25 N load during the movement from the starting point to 100 mm. Because of the translator velocity, more than reference velocity at 25 N loads, the motor phase currents are lower than the maximum current. Thus, there is no current chopping. When the real velocity of the translator is more than the reference velocity, the switches are cut off in order to force the translator velocity to the reference value. The velocity signals are also recorded while the motor is loaded with the load changing conditions, as shown in Figure 13 . The velocity curves of the translator under increased load conditions with the PI control and FLC are shown in Figure 14 . The load attachment to the translator is initially done as 25 N between 0 mm and 60 mm. It is 250 N between 60 mm and 80 mm. In the positions between 80 mm and 90 mm, the load is removed. In the last stage, the motor is reloaded with 250 N between 90 mm and 100 mm.
Within the reference velocity, the performance of the translator is observed under load with the PI control and FLC methods shown in Figure 14 . As can be seen, the performance of the FLC is better than that of the PI control. While the PI control algorithm catches the reference velocity at about 7.8 mm, the FL control catches the reference velocity at about 8 mm. In addition, the velocity error curves of the PI and FLC algorithms with the above test conditions are shown in Figure 14 , where the error of the FLC strategy at a steady state is very close to zero, even when the motor is heavily loaded. Figure 15 shows the contrary position velocity error curves of the translator under load with PI control and FLC. We can see the error curves of the translator by speeding up the loaded motor with the PI and FLC. If we examine the data separately, the motor reaches the reference velocity at about 8 mm. Figure 16 shows the phase currents of the LSRM during speeding up and the response of the load changing. The motor is started with 25 N loads and it reaches a 1 m/s constant velocity at 8 mm. While running at this constant velocity, at 60 mm, the load is increased to 250 N, and then at 80 mm, the load is completely unloaded. Next, at 90 mm, the motor is reloaded with 250 N. There is chopping in the motor phase currents after the motor velocity reaches the reference value and while the motor is unloaded. The steady state current value of the motor with the unloaded condition is lower with the PI control than that of the condition with the 25 N load, as shown in Figure 16a . However, the steady state current value of the motor with the unloaded condition is lower with FLC than that of the condition with the 25 N load, as shown in Figure 16b . As a result, with the PI control method, if the motor loaded with 250 N is running with a 25 N load, the occurring velocity error is smaller than if it is loaded with same load but with no load running. It can be said that if the motor is loaded instantly with any load, the FLC method is sufficient, but the PI control method is insufficient. As a result, we can say that, electromechanically, the fluctuations in the current mean a fluctuation in the force. In this respect, the FLC response is better than that of PI control. 
Experimental results
The inductance data of the designed motor are collected with the finite element method (FEM) using the Maxwell Ansoft program. Moreover, the simulation of the inductance curves of the 3 phases is released. In the simulations, we use the cosine method. We draw an inductance curve for phase A with the normalized data in Figure 17 . We compare the drawing with the experimental data and calculate it using the FEM. As a result, both of these graphs are very similar, and we use the cosine method because it is easier than the other methods. The dynamic equations of the LSRM are obtained from this inductance profile.
It can be seen from Figures 18a and 18b that the currents of the motor phase are in scope view. In the simulation phase, the currents are triggered with a sequence and do not start before a phase current unless the 3rd phased current is finished. This can be seen in the scope view.
In Figure 19 , the graph is drawn using the experimental data. The data are collected using a data acquisition board, drawn using Microsoft Excel, and saved using the LABVIEW program. 
Conclusion
In this study, the velocity response of the PI-and fuzzy logic-controlled double-sided LSRM was simulated and experimented. The simulated motor has 6/4 poled, 3-phase, 250 W power. The PI and fuzzy logic velocity responses of the motor were compared according to the determined values, and it was observed that FLC is more useful than the PI control method.
It was concluded from the obtained simulation results that the motor may be used where linear motion is needed in places such as elevators, hospitals, and subway doors and where accurate position control and rapid response are required, due to their low cost, high efficiency, and high rate of force/volume.
